We propose a new combined underwater-atmospheric optical communication link for providing a high speed optical connectivity between onshore and sumerge systems. New average BER expressions are derived when assuming amplify-and-forward (AF) relay.
Introduction
Underwater Wireless Optical Communication (UWOC) systems are presented as a reliable alternative to typical underwater wireless systems (radio-frequency (RF) and acoustic waves) since it can provide much higher data rates and with a higher level of communication security. Nowadays it is viable to deploy real applications with high-bandwidth around 1 Gigabit per seconds, Gbps, and beyond [1] for a variety of potential applications including offshore exploration, environmental monitoring, natural disaster precautions, or military operations. On its part, atmospheric free-space optical (FSO) communications systems are considered as a potential alternative to provide high-datarate, cost-effective, wide bandwidth communications where fiber link deployment is impractical or deficient. Notably, FSO systems can become even more attractive especially when combined with UWOC ones. In this paper, we investigate this kind of cooperative communications. We derive a new average bit error rate (ABER) expression considering a Málaga [2] and a Weibull [3] turbulent channels for the FSO and the UWOC links, respectively, and assuming a amplify-and-forward (AF) relaying mode for this cooperative communication. Numerical results corroborates our analytical expression.
System model
In this work, we analyze an AF based dual-hop FSO-UWOC system as shown in Fig. 1a . In both hops, we consider point-to-point optical links using an on-off keying (OOK) modulation format in an intensity modulation with direct detection (IM/DD) scheme. The time-dependent photocurrent at the FSO detector output is written as i S 1 = att 1 R 1 h 1 P t + i N 1 , with att 1 being the deterministic attenuation coefficient, with R 1 denoting the detector responsivity, h 1 is the normalized scintillation induced irradiance with E[h 1 ] = 1, and with h 1 following a Málaga (M ) statistical distribution shown. On the other hand, P t denotes the average of transmitted optical power whilst i N is the detector current noise signal caused by a zero-mean additive white Gaussian noise with variance σ 2 n . The FSO detector acts as a relay node in terms of cooperative communications, receiving and processing the information from the source before retransmitting it to the destination. Assuming the UWOC system as the destination, the time-dependent photocurrent at the UWOC detector output is then written as i S 2 = att 2 GR 2 h 2 i S 1 + i N 2 , with G being the CSI-assisted relay gain at the FSO detector, and with h 2 representing the normalized scintillation coefficient induced by salinity gradient and following a Weibull statistical distribution. The parameters att 2 , R 2 , and i N 2 are the analogous to the ones defined when introducing i S 1 , but in the underwater medium.
Channel model
As indicated above, it is assumed a M probability density function (PDF) to model h 1 [2] . Figure 1b shows its associated small-scale laser transmission scheme. There, a new scattering component, U C S , is assumed to be coupled to already existing U L (line-of-sight) component in addition to the classical scattering optical field, U G S . The LOS average optical power is represented by
L ], whereas the average power of the total scatter components is denoted by
Moreover, the relationship between the two scattering components is described by the parameter ρ representing the amount of scattering power coupled to the LOS component, with 0 ≤ ρ ≤ 1. Thus, their average powers are, respectively, ξ c = ρξ and
Tx Rx Furthermore, as detailed in [4] , the M PDF can be reformulated through a mixture of continuous Generalized-K and a discrete Binomial distributions when β ∈ N, with β being the shape parameter of the Nakagami-m distribution related to the slow fluctuation of the line-of-sight component [2] . For this case, the received irradiance PDF is written
, where m r indicates the probability that the optical signal travels through the r−th optical path, where α is a positive parameter related to the effective number of large-scale cells of the scattering process, as discussed in [2] , and I r denotes the mean optical irradiance of the r−th Generalized-K term.
On the other hand, in order to characterize the underwater optical turbulence-induced fading, we consider a Weibull function model, recently proposed in [5, 6] to characterize the fading of salinity and/or temperature induced turbulent UWOC channels. The Weibull model shows an excellent accuracy when predicting the experimental data when considering the effect of salinity gradient induced turbulence. Its PDF is defined as f h 2 
with K > 0 being the shape parameter related to the scintillation index of the irradiance fluctuations and λ > 0 is the scale parameter related to the mean value of the irradiance [3] .
, whereas the scintillation index is given by σ 2
. Now, the expression of the cumulative distributive function (CDF) for the CSI-assisted AF-based FSO-UWOC system can be given as
In this last expression, γ 1 and γ 2 are the signal-to-noise ratios (SNR) corresponding to the FSO and the UWOC hops, respectively. Their associated CDFs are directly obtained by integrating their PDFs. Hence,
where we have employed [7, Eq. (6.592.2) ] to obtain the CDF of the M model. In (1), γ 1 , γ 2 correspond to average SNRs of FSO and UWOC fading channels, respectively. In addition, a = α − r, b = α + r − 1 and B = αβ Ω ′ +ξ g β , with
Ωξ c representing the average power from the coherent contributions.
Link Performance Analysis
Considering the CDF shown in (1), then a new highly accurate closed-form expression can be obtained now for the ABER of an AF based dual-hop FSO-UWOC system under all regimes of turbulence strength when employing any generalized coding technique. As an illustrative example, we offer the behavior of these systems when a variableweight multiple pulse-position modulation (vw-MPPM) is employed, successfully proposed by the authors in [8] . As vw-MPPM is a nonlinear block coding scheme, the standard methods based on the characteristic functions of linear block codes are not suitable to obtain closed-form expressions of CBER. For this reason, a novel alternative based on a hyperexponential fitting technique was proposed in [8] to achieve a successful CBER approximated expression, given by CBER(h, γ 0 ) = P b (e|h) ≈ a c exp −b c γ 0 h 2 c c with γ 0 being the electrical SNR in absence of turbulence, and where the hyperexponential fitting parameters are a c , b c , c c ∈ ℜ + . In Table 1 in [8] , the hyperexponential fitting parameters for most relevant vw-MPPM code rates are shown. Following [9] , the ABER, P b (e), is obtained by averaging the CBER over the PDF of h by using the integration by parts formula:
Next, a generalized Gauss-Laguerre quadrature is applied, obtaining:
where H i represents the weight coefficients and x i is the i−th zero of the Laguerre polynomial. Figure 2 presents the curves achieved with Eq. (2) and particularized for two relevant code rates of the vw-MPPM technique and different turbulence conditions. Thus, in solid lines it is represented the performance of the system when only oceanic turbulence is considered; whereas the dashed, dashed-dotted, dotted or the line with a ′ + ′ marker show the behavior of the system when including oceanic and atmospheric turbulences. The corresponding MonteCarlo simulation results are displayed as circles. As expected, for the lower intensity of turbulence, the ABER tends to dramatically increase. The accuracy of the proposed expression in this paper is fully corroborated.
Conclusions
In this paper, a novel simple closed-form expressions for the ABER in cooperative AF FSO-UWOC systems employing any generic coding scheme with different rate-adaptive coding is derived. Remarkably, the derived new expressions leads to a valuable tool for analyzing the performance of these cooperative optical links. The proposed ABER expressions have been corroborated by Monte Carlo simulations for different turbulence conditions and several code rates.
